Previous results have shown that severe, prolonged hypoglycemia leads to neuronal cell damage in, among other structures, the cerebral cortex and the hippocampus but not the cerebellum. In order to study whether or not this sparing of cerebellar cells is due to preservation of cerebellar energy stores, hypoglycemia of sufficient severity to abolish spontaneous EEG activity was induced for 30 and 60 mm. At the end of these periods of hypoglycemia, as well as after a 30 mm recovery period, cerebellar tissue was sampled for biochemical analyses or for histopathological analyses by means of light and electron microscopy. After 30 mm of hypoglycemia, the cerebellar energy state, defined in terms of the phosphocreatine, ATP, ADP, and AMP concentrations, was better preserved than in the cerebral cortex. After 60 mm, gross deterioration of cerebellar energy state was observed in the majority of animals, and analyses of carbohydrate metabolites and amino acids demonstrated extensive consumption of endogenous substrates. In spite of this metabolic disturbance, histopathologic alterations were surprisingly discrete. After 30 mm, no clear structural changes were observed. After 60 mm, only small neurons in the molecular layer (basket cells) were affected, while Purkinje cells and granule cells showed few signs of damage. The results support our previous conclusion that the pathogenesis of cell damage in hypoglycemia is different from that in hypoxia-ischemia and indicate that other mechanisms than energy failure must contribute to neuronal cell damage in the brain. Key Words: HypoglycemiaBiochemistry--Light microscopyElectron microscopyRat cerebellum.
substrate, and to the maintained oxygen supply, hypoglycemia leads to extensive oxidative breakdown of endogenous carbohydrate and amino acid substrates (Cravioto et al., 1951; Goldberg et al., 1966; Lewis et al., 1974a; Feise et al., 1976; Norberg and Siesjo, 1976; Agardh et al., 1978) , as well as of phospholipids and RNA (Hinzen et al., 1970; Agardh et al., 1981) .
In man, severe and protracted hypoglycemia has been found to cause neuronal cell damage, mainly localized to the neocortex and the hippocampus (Meyer, 1963; Brierley, 1976) . Since it remained unsettled whether complicating hypotension and/or hypoxia could have contributed to such damage, histopathologic studies were performed in animal experiments, in which systemic variables could be controlled. These studies verified that "ischemic" cell damage occurred in these selectively vulnerable areas (Brierley et al., 1971; Myers and Kahn, 1971 ). In one of the studies, lesions were found in baboons in which blood glucose concentrations fell below 1.2 mol g, and somatosensory evoked potentials were abolished for 49-92 mm (Brierley et al., 1971 ).
From the light-microscopical picture observed, it was concluded that cell damage was similar in distribution and type to that observed in hypoxia- ischemia. In the rat model of hypoglycemic "coma," it has clearly been shown that cell damage is unrelated to cerebral oxygen lack. Thus, cerebral blood flow and oxygen availability has been found to be increased during severe hypoglycemia (Norberg and Siesjo, 1976; Nilsson et al., 1981) and cellular redox systems to be oxidized (Lewis et al., 1974a) . Recent studies of light microscopical and ultrastructural changes in the cerebral cortex have defined two types of neuronal damage and indicated that the pathogenesis of damage is different from that in hypoxia-ischemia Kalimo et al., 1980) . Type I injury, characterized by angulated, darkly stained neurons with vacuolation of the perineuronal astrocytic processes, seemed to be irreversible in its severe form. Type II injury, characterized by moderate swelling of the neurons with subplasmalemmal clearing due to disintegration of ribosomes and reduction in the amount of rough endoplasmic reticulum, appeared to represent a reversible form of injury.
The pathogenesis of hypoglycemic neuronal damage remains to be elucidated. Two possible mechanisms must be considered: deterioration of cerebral energy state and oxidative breakdown of structural components. In the present study, we correlated changes in labile organic phosphates with histopathologic alterations in the cerebellum, a structure which seems largely resistant to hypoglycemic cell injury (Brierley et al., 1971; Brierley, 1976) . The objective of the study was to find out whether or not this resistance is related to preservation of cerebellar energy stores, e.g., due to a maintained glucose supply (cf. . Since a preserved glucose supply J Cereb Blood Flow Metabol, Vol. 1, No. 1, 1981 would curtail oxidation of endogenous substrate, we measured the major carbohydrate and amino acid substrates as well.
MATERIALS AND METHODS

Chemicals
Substrates and coenzymes for fluorometric analyses were purchased from Sigma (St. Louis, Mo.), enzymes were from Boehringer and Sons (Mannheim, F.R.G.) except for lactate dehydrogenase, which was from Millipore Corp. (Freehold, N.J.). Glutaraldehyde was obtained from Polaron Equipment (Watford, England). All other chemicals were analytical grade.
Animals, Experimental Series, and Groups
Male Wistar rats (270-420 g) of a S.P.F. Wistar strain (Mollegaard Avlslaboratorium, Copenhagen) were fasted over night before the experiments but had free access to tap water. The present communication describes the results of two series of animals.
In series A, the animals were frozen in situ at the end of the experiments for later analysis of cerebellar (cortical) metabolites. In series B, the animals were fixed by perfusion for morphological analysis with light and electron microscopy. The latter series is identical with a previous one in which structural alterations in the cerebral cortex were studied Kalimo et al., 1980) . In order to allow a correlation of histopathological and metabolic alterations in the cerebellum, samples of cerebellar cortex were obtained from animals of that series and processed for light and electron microscopy. Furthermore, a new series of animals was prepared to obtain metabolic data, care being taken to match this material to the previous one.
Within each series, control animals injected with Krebs-Hensleit solution were compared with animals rendered hypoglycemic by injection of an equal volume of insulin (40 IU kg', i.p., of Insulin NOVO Actrapid®). Brains were sampled for biochemical analyses or for morphology when spontaneous EEG activity had ceased for either 30 or 60 mm. In separate groups, recovery was induced for 30 mm by infusion of glucose at the end of these periods of "isoelectric EEG" [rapid infusion of 0.5 ml of a 50% (w/v) glucose solution followed by a slow infusion for 30 mm at a rate of 1 ml h']. A summary of the groups studied is given in Table 1 (see below). In each control group, the periods of anesthesia were matched to conform with those of the experimental series.
Operative and Sampling Techniques
About 60 mm after insulin injection anesthesia was induced with 2-3% halothane; the animals were then tracheotomized, immobilized with an injection of tubocurarine chloride (0.5 mg kg', i.v.), and ventilated with a Starling-type respirator, delivering 70% N20 and 30% 02, to yield an arterial Pco2 of 30-40 mm Hg. Body temperature was maintained close to 37°C. One femoral artery was cannulated for continuous blood pressure recording with an electromanometer and for sampling of blood, and one femoral vein was cannulated for injections. The electroencephalogram (EEG) was continuously recorded in all animals from gold-plated copper bolts inserted into the skull bone in the frontoparietal region (bipolar leads) using an Elema EEG machine.
After the operative procedures had been completed, the animals were given heparin (100 IU, i.v.) and were maintained on 70% N20 and 30% 02. Repeated arterial samples were taken anaerobically from the catheter in glass capillaries for determinations of pH, Pco2, and Po2 or collected directly in liquid nitrogen for later analysis of glucose.
For sampling of cerebellar cortical tissue, a skin incision was made over the skull bone to accommodate a plastic funnel for later freezing of the brain in situ with liquid nitrogen (Pontén et al., 1973) .
Analytical Techniques for Biochemistry
The pH, Pco2, and Po2 in arterial blood were measured immediately after sampling, using microelectrodes operated at 37°C (Radiometer, Copenhagen; Eschweiler & Co., Kiel) with appropriate temperature corrections. Blood and tissue samples were stored at 80°C until analysis. The brains were dissected and weighed at 20°C. Cerebellar cortical tissue was extracted at this temperature as described previously (Folbergrova et al., 1972a) . Metabolites were determined with the fluorometric techniques of Lowry and Passonneau (1972) . Analytical conditions have been previously described (Folbergrova et al., 1972a (Folbergrova et al., ,b, 1974a .
Procedures for Morphological Analysis
Similar operative techniques were used as in series A. As described in the previous publications HYPOGLYCEMIC BRAIN INJURY 73 FIG. 1. Samples for embedding in epon and subsequent light-and electron-microscopic analysis were taken from the stippled area of the cerebellar vermis and lateral to it. Kalimo et al., 1980) , the sampling techniques and histopathological procedures were as follows. At the termination of the experiment a quick thoracotomy was performed, and a cannula was inserted in the ascending aorta via the left ventricle. Following a quick rinse with saline, 300 ml of 3% glutaraldehyde in 0.1 mol liter' phosphate buffer, pH 7.4, at 37°C and a pressure of 135 mm Hg was perfused through the vascular bed.
After perfusion the brain was allowed to stabilize in situ for 1-2 h, after which it was removed and stored in the same fixative until further processed. A piece of tissue was sampled from the upper part of the cerebellum and sectioned with a tissue sectioner (Michle Laboratory, Gomshall, Surrey, England) in the sagittal plane to get approximately 500-/km-thick sections from the vermis and the paramedian hemisphere of the cerebellum (Fig. 1 ).
The sections were postfixed in 2% osmium tetroxide in cacodylate buffer, en bloc stained with 2% uranyl acetate in maleate buffer, dehydrated in a graded series of ethanol, and embedded in epon.
Large semithin sections were stained with toluidine blue for light microscopy. Thin sections from the appropriate areas were sectioned with an LKB I or Porter-Blum MT-2 ultramicrotome, double-stained with uranyl acetate and lead citrate, and examined in a JEM lOOC electron microscope.
Calculations and Statistics
The "energy state" of the tissue was calculated in terms of the adenylate energy charge according to Atkinson (1968) . Statistical differences were evaluated with Student's t-test.
RESULTS
As already mentioned, the present histopathologic results were obtained on cerebellar tissue sampled from a previous material in which neuronal changes in cerebral cortex were assessed Kalimo et al., 1980) , while new groups for biochemical analysis were prepared to match those used for histopathology. Table 1 summarizes the information on the various groups and gives physiological parameters, as well as blood glucose concentrations. Physiological variables were sufficiently similar in the biochemistry and morphology groups to exclude the possibility that differences in blood pressure, blood gases, or pH could have influenced the conclusions drawn. During hypoglycemia, blood glucose concentrations were similarly reduced in the two series. Body temperature was close to 37°C in all animals (data not shown). Changes in EEG activity during and following hypoglycemia were as described previously (see Lewis et al., 1974b) . In no single animal was it possible to detect spontaneous EEG activity during the "isoelectric" periods (30 or 60 mm).
Biochemistry
Changes in biochemical variables are shown in Table 2 . Hypoglycemic coma of 30 mm duration gave rise to a relatively extensive deterioration of cerebral energy state, which was further accentuated after 60 mm. Thus, the concentrations of phosphocreatine (PCr) and ATP were reduced, and those of creatine, ADP, and AMP increased. As a result, the calculated adenylate energy charge decreased substantially. The sum of adenine nucleotides (ATP + ADP + AMP) was reduced, indicating degradation of AMP via the AMP deaminase (E.C. The results of Table 2 indicate a considerable variability in results between animals. Figure 2 gives individual values for adenine nucleotides and energy charge, related to blood glucose concentrations. The data illustrate three points. First, in the 30 mm group, 2 of 6 animals had values that were just outside the normal range, while the remainder showed extensive deterioration of tissue energy state. Second, in the 60 mm group 1 of 7 animals had a surprisingly moderate perturbation of energy state, while the results of the remaining 6 were consistent. Third, the metabolic perturbation showed no obvious relationship to glucose concentration in blood (or tissue, data not shown).
Changes in substrate levels (see Table 2 ) demonstrated utilization of both carbohydrate and amino acid substrates. Thus, glycogen and glucose were reduced to low levels, and there were highly significant decreases in lactate and pyruvate concentrations. As previously observed in cerebral cortex (Norberg and SiesjO, 1976; Agardh et al., 1978) , changes in amino acids were those expected from substrate utilization by means of transamination (reduction in glutamate and increase in aspartate concentrations) and deamination (reduction in amino acid pool size).
Following 30 mm of hypoglycemic coma, recovery of cerebral energy state showed three distinct features: an increase above normal in the PCr/ creatine ratio, a lingering reduction in adenine nucleotide pool size, and a return of energy charge to Thus, in both groups, posthypoglycemic lactic and pyruvic acid concentrations rose above control, and the lactate/pyruvate ratio was elevated (data not shown).
After 30 mm of hypoglycemic coma, extensive restoration of amino acid concentrations occurred.
After 60 mm of coma, though, only the yaminobutyric acid (GABA) concentration returned to normal, and at the end of the 30 mm recovery Considering the biochemical perturbation induced by hypoglycemia, the structural alterations were surprisingly discrete. At the end of a 30 mm period of ceased EEG activity, no alterations from the normal could be observed in light microscopy.
FIG. 4. In one animal exposed to 60 mm of hypoglycemia in the cortex over the crest of a folium, a focus with a darkly stained microvacuolated probable Purkinje cell (thick arrow) and a slightly condensed probable Golgi cell (arrowhead) were seen. These were the only ones found, and we did not succeed in obtaining them for electron microscopy. In the molecular layer there is also a darkly stained, small neuron (thin arrow; for explanation see the text). Magnification x345.
Analysis by electron microscopy gave similarly negative findings, as exemplified by the normal appearance of Purkinje cells and granule cells in Even after 60 mm of hypoglycemic coma, very few changes were seen. In 2 of the 3 animals, a few small, angulated, darkly stained cells were observed with light microscopy in the molecular layer over the crests of a few of the folia. These were similar to the type I injured neurons in the cerebral cortex . Furthermore, at one location we observed one single, condensed and microvacuolated larger neuron (probably a Purkinje cell) and one slightly condensed cell, probably a Golgi cell (Fig. 4 ). However, with light microscopy other Purkinje cells appeared normal, and the only consistent alteration observed was a suggested swelling of basket cells (Fig. 5) . Electron microscopy confirmed the absence of clear changes from the normal in Purkinje cell morphology (Fig. 6 ). Thus, the nuclear chromatin was evenly distributed and the cytoplasmic organelles were strikingly intact. It appeared, though, that the mitochondrial matrix was slightly condensed ("contraction of mitochondria"). Furthermore, in some Purkinje cells the number of rough endoplasmic reticular cisternae appeared to be decreased and the remaining cis- ternae to be relatively short and haphazardly oriented (not shown).
After 60 mm of hypoglycemia also, the granule cells appeared normal except for a suggested contraction of their mitochondria and, possibly, a somewhat increased electron lucency of their cytoplasm (Fig. 7) . Their nuclear chromatin was condensed as it is normally. Synaptic structures in all three cortical layers and most dendritic and axonal processes (see below) appeared unaltered (see Fig. 3 ).
The only nerve cells that showed a clearly adverse reaction to the hypoglycemic insult were the small neurons (mostly basket cells) in the molecular layer. In epon sections these cells appeared somewhat swollen with pale cytoplasm, in which small clear vacuoles were often visible (see Fig. 5 ). With electron microscopy (Fig. 8 ) their mitochondria were clearly distended ("high-amplitude swelling") with disruption of the cristae. Furthermore, the cell sap was watery and flocculent, the Golgi cisternae were dilated, and membranous whorls were commonly seen in the cytoplasm. In the neuropil of the molecular layer, many small dendrites (obviously originated from the basket cells described) were similarly swollen and many of them contained damaged mitochondria.
The Fañanas astrocytes in the vicinity of the Pur- kinje cells often became more prominent during the 60 mm period of hypoglycemia: the nuclei appeared slightly enlarged and distended but with finely dispersed chromatin. Sometimes their cytoplasm appeared watery, but extensive swelling as often seen in ischemic injury was not observed. With electron microscopy one could observe the characteristic finely granular chromatin and the gathering of their fairly intact organelles at one pole of the cytoplasm (Fig. 9) . Remarkably, no dilatation of the perivascular astrocytic processes was seen.
Recovery
Since changes during hypoglycemia were slight, one could expect alterations during recovery to be even less conspicuous (cf. Agardh et al., 1980; HYPOGLYCEMIC BRAIN INJURY FIG. 7 . After 60 mm of hypoglycemia, the granule cells likewise show only minimal changes. Mitochondria appear slightly condensed, and the cytoplasm is somewhat more electron lucent than normal. The nuclear chromatin is condensed in peripheral blocks, but this is the normal distribution in granule cells. ec, capillary endothelial cell. Magnification xlO,000. mitochondria were slightly less contracted. Otherwise, no striking change had occurred during the restitution.
In one animal in the 60 + 30 mm group, a few darkly stained neurons similar to those described above were seen in the molecular layer over a crest of a folium.
DISCUSSION
The present results demonstrate that although hypoglycemic "coma" leads to a relatively exten-sive energy failure in the cerebellum, especially after 60 mm, histopathological alterations were surprisingly discrete, with virtually complete sparing of Purkinje cells. In view of the results reported by others (Meyer, 1963; Brierley etal., 1971; Brierley, 1976) , the absence of widespread cell damage was not surprising. However, what was unexpected was the fact the cell morphology was preserved in spite of a relatively extensive deterioration of cellular energy metabolism. Since this finding hints that depletion of energy reserves is not necessarily followed by cell damage, it seems warranted to discuss FIG. 8. After 60 mm of hypoglycemia, mitochondria (arrowheads) in a basket cell are markedly swollen with disrupted cristae. The cytoplasm displays somewhat increased electron lucency. Nuclear (N) chromatin is very slightly coarser than normal. In the surrounding, quite compact neuropil, one process, most probably of basket cell origin, contains a similarly swollen mitochondrion (thick arrow). Golgi cisternae (thin arrow) are slightly swollen. A membranous whorl is seen in the cytoplasm (asterisk). Magnification x6,900.
in some more detail the metabolic alterations in cerebral cortex and cerebellum.
Biochemical Alterations in Neocortex and Cerebellum
Metabolic changes in the cerebral cortex (which shows extensive morphologic alterations, see Agardh et al., 1980, and Kalimo et al., 1980) have been extensively documented in hypoglycemic coma of, maximally, 60 mm duration (Lewis et at., 1974a,b; Feise et at., 1976; Norberg and Siesjö, 1976; Agardh et al., 1978 Agardh et al., , 1980 . These studies have shown that extensive deterioration of cortical energy state occurs pan passu with the cessation of spontaneous EEG activity, and that little further change occurs in the subsequent 60 mm period. Thus, for the neocortex it is possible to define the duration of the deterioration in energy state corre-J Cereb Blood Flow !.letabol, Vol. 1, No. 1, 198! sponding to the structural alterations observed. For the cerebellum, this is not possible, since metabolic measurements have not been performed at "coma" durations shorter than 30 mm. Therefore, we cannot exclude the possibility that cell damage was absent in the 30 mm group, because the period of overt energy failure was less than 30 mm. Accordingly, we have to lay some emphasis on the correlation between biochemical and morphological alterations in the 60 mm group.
To facilitate discussion, we have compared percentage changes from control in labile metabolites reflecting cellular energy state in the neocortex (data from Agardh et al., 1978 (data from Agardh et al., , 1980 and the cerebellum (present results). In this comparison (Fig.  12) , the single aberrant animal in the 60 mm group was excluded. The results show that after 30 mm, changes in tissue energy state were less marked in the cerebellum. It should be recalled, though, that 4 FIG. 9. Three Faflanas astrocytes after 60 mm of hypoglycemia, again with minimal changes. Chromatin is evenly distributed in the rounded, slightly distended nuclei. Cytoplasm in cells 2 and 3 contains very few organelles, but in none of the cells does it appear edematous. In cell 1 the mitochondria appear condensed and short rough endoplasmic reticular cisternae are rounded, but Golgi cisternae are narrow and elongated. Magnification x6,400.
of 6 animals showed more extensive metabolic alterations than what Fig. 12 suggests. After 60 mm, the changes between the two tissues were less marked. From these results we conclude two things. First, although some factors delay the development of extensive energy failure in the cerebellum, they cannot prevent such failure from occurring during prolonged hypoglycemic coma. Second, since all animals studied after 30 mm had some deterioration of tissue energy state, those studied after 60 mm must have suffered a relatively extensive period of cerebellar energy failure for at least 30 mm. Figure 13 illustrates the corresponding changes in amino acid substrates. The results demonstrate that HYPOGLYCEMIC BRAIN INJURY 81 after 30 mi 'consumption" of endogenous substrates was less in the cerebellum than in the neocortex. However, after 60 mm the changes were similar, indicating that energy failure in the cerebellum (as in the neocortex) is due to restriction of glucose supply and "exhaustion" of endogenous substrates. We conclude from these results that after 60 mm of hypoglycemia, metabolic perturbation in the cerebellum was at least as pronounced as that observed in the neocortex after 30 mm of hypoglycemia.
In the recovery period, restitution of metabolite levels was relatively similar in neocortex and cerebellum (data not shown). Like the neocortex, the cerebellum showed incomplete recovery of cerebral energy state. For example, after 60 mm of hypoglycemia the adenylate energy charge was clearly subnormal and lactate concentrations, as well as the lactate/pyruvate ratio, were increased. These changes probably reflect metabolic damage incurred during the hypoglycemia. It should be emphasized, though, that we know nothing of the potential reversibility of these alterations.
Structural Alterations
As remarked previously, hypoglycemic coma of 30 mm duration leads to extensive structural alterations in the cerebral cortex, and although most cells appeared to recover following glucose administrations, about 2% showed signs of irreversible damage Kalimo et al., 1980) . After a 60 mm period of hypoglycemia, histopathologic damage was even more severe. In the cerebellum, no clear alterations were observed after 30 mm, and those seen after 60 mm were strikingly discrete. Perhaps most importantly, the Purkinje cells were almost completely spared. The reduction of rough endoplasmic reticulum in some of the Purkinje cells after 60 mm of hypoglycemia suggested an impending type II injury (in the cerebral cortex, this type mainly affected larger neurons in layers 5-6). However, definite clearing of the peripheral cytoplasm, disintegration of the ribosomes and elongation of rough endoplasmic reticular cisternae, all characteristic of the type II injured neurons, were not present.
Since the granule cells also appeared unaffected by the hypoglycemia, and since alterations of the Fananas astrocytes were relatively slight, the only histopathologic changes suggestive of serious dam- Fig. 10 also appears the same as during hypoglycemia (cf. Fig. 8 ). During the short recovery period neither further disintegration nor definite recovery became evident. Magnification x7,850.
age were those affecting the small neurons in the molecular layer, defined as basket cells. The alteration affecting these cells, i.e., the high-amplitude swelling of the mitochondria, is seen in neither type I nor type II injury in the cerebral cortex, but rather resembles the early, 'microvacuolated" stage of nerve cell injury observed in transient hypoxia! ischemia (Brown and Brierley, 1972; Garcia et al., 1977) . However, no karyocytoplasmic condensation was seen in the basket cells.
Energy Failure and Cell Damage
Neuronal cell damage with a selective localization to neocortex, hippocampus, and some other brain structures has been observed in hypoxia! J Cereb Blood Flow Metahol, Vol. 1, No. I, /981 ischemia and in hypoglycemia, two conditions associated with gross deterioration of cerebral energy state. It has been natural to assume that the damage incurred is related to the energy failure. However, our previous results have indicated that the histopathologic alterations in severe hypoglycemia are different from those previously described for hypoxia-ischemia. The present results demonstrate that in spite of extensive energy failure, most cerebellar cells, including the vulnerable" Purkinje cells, fail to show signs of definitive damage. The results add further support to the conclusion that the pathogenesis of cell damage in hypoglycemia is different from that of hypoxialischemia. Furthermore, the results make it questionable that a simple relationship exists between energy failure and cell 
